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I. INTRODUCTION 209 R Y O I  A U l l a V d  

This program is concerned with the fabrication of metal 
carbide-graphite composites by hot pressing at temperatures up 
to 3200°C, and determination of physical and mechanical proper- 
ties of these materials. 
have shown that dense, high-strength bodies could be produced by 

Earlier studies on this project 192 

additions of as little as 6 vol% of the carbides on the Group IVA, 
?A o r  VIA metals. 
and/or liquid (eutectic) diffusion in addition to plastic flow 
under hot pressing conditions. At a metal level of 10 vol% or 
higher, all of the carbide-graphite systems studied exhibit room- 
temperature flexural strengths of over 10,000 psi. These strength 
levels are retained or increase at 2000°C. Plastic behavior to 
varying extents are displayed for different compositions at 
2500°C. a 

The strong bonding is obtained through s o l i d  

The greatest potential for high-temperature use has been 
shown by composites incorporating TaC or NbC. 
year's program is to fully characterize the properties of various 
compositions in these systems at temperatures up to 3000°C. 

The purpose of this 

Other 
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systems which are of interest -s potential high-temperature mate- 
rials are ZrC-C and HfC-C. These compositions are only slightly 
less refractory than TaC-C or NbC-C and may offer certain advan- 
tages. 
to-weight ratios superior to those for TaC-C and NbC-C. HfC-C 
samples have shown an increase in strength at 2500°C over that 
at 2000°C; all of the other metal caribde-graphite systems which 
have been evaluated show maximum strength at about 2000°C. The 
molybdenum carbide-graphite system is also being investigated to 
determine the mechanism by which strong orientation of graphite 
is obtained through formation and migration of the Mo2C eutectic. 

to more accurately establish hot pressing temperatures employing 
NbC-C eutectic formation as the indicator. Compositional studies 
have included systems incorporating zirconium carbide and hafnium 
carbide in addition to the TaC-C and NbC-C systems. 
determinations have been concerned with flexural and tensile 
strength, flexural creep at 2400°C and thermal expansion up to 
2300°C. 

11. DISCUSSION 

4. Fabrication Studies 

Compositions incorporating ZrC have exhibited strength- 

During the present period, experiments were conducted 

Property 

Temperature measurement during hot pressing is conducted 
both directly and indirectly. 
optical monitoring with a Leeds and Northrup brightness pyrometer 
by sighting into the mold wall through an argon purged sight tube. 
Previous studies 
the mold, i.e. where the sample would actually be located, was 
monitored concurrently with the standard mold wall measurement. 
It was determined that the two temperatures were virtually the 
same above 2800°C although a lag of about 50°C was observed at 
lower temperatures. 

The direct method consists of 

2 have been made in which the temperature within 
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Temperature i s  a l s o  determined i n d i r e c t l y  using time- 
temperature  p l o t s  based on experimental  d a t a .  The l a t t e r  method 
becomes e s p e c i a l l y  important a t  t h e  higher  temperatures where 
occas iona l ly  v o l a t i l e s  a t t e n u a t e  t h e  t ransmi t tance  of emit ted 
r a d i a t i o n .  

I n  some of our  NbC-C press ings  conducted a t  3100-32OO0C, 
loss  of  material and formation of  t h e  e u t e c t i c  s t r u c t u r e  has 
suggested t h a t  t h e  so l idus  had been exceeded. The NbC-C e u t e c t i c  
temperature has been va r ious ly  repor ted  a t  3305 i 15"C3, 3220 f 

5 4ooc4, and 3220 5OoC , i n  recent  l i t e r a t u r e .  On t h e  b a s i s  of 
ou r  work, t h e  l a t t e r  temperatures would appear t o  be more r e a l i s t i c .  

During t h i s  per iod ,  experiments were conducted t o  de f ine  
more c l e a r l y  temperatures a t t a i n e d  during hot  p re s s ing .  E u t e c t i c  
mixtures  of NbC-C w e r e  t o  be the "thermometer," i . e .  formation of 
t h e  e u t e c t i c  s t r u c t u r e  would show i f  t h e  s o l i d u s  had been reached. 
A s  shown i n  F ig .  1, one e u t e c t i c  l a y e r  w a s  loca ted  toward t h e  top  
o f  t h e  mold and t h e  o t h e r  toward t h e  bottom i n  an e f f o r t  t o  d e t e r -  
mine p o s s i b l e  temperature g rad ien t s .  A l so  included w e r e  l a y e r s  
of TaC and NbC t o  determine poss ib l e  d i f f u s i o n  of t hese  materials 
i n t o  t h e i r  carbonaceous surroundings.  
were used t o  sepa ra t e  t h e  var ious l a y e r s  so  t h a t  t h e  r e a c t i o n s  i n  
i n d i v i d u a l  l a y e r s  would be c l e a r l y  def ined .  

Layers of  petroleum coke 

The var ious  materials w e r e  hot  pressed  a t  an  ind ica t ed  
3200°C and 3000 p s i .  
t h a t  most of t h e  m a t e r i a l  had been l o s t  through ex t rus ion  and 
r e a c t i o n  wi th  the  mold. 
i n g  w a s  t h a t  of TaC.  This  suggested a very high mobi l i ty  of NbC 
and/or  NbC-C eutec t ic  a t  these  temperatures .  

Opening o f  t h e  mold a f t e r  t h e  run revealed 

The only l a y e r  which w a s  c l e a r l y  remain- 

Photomicrographs o f  two areas a r e  shown i n  F ig .  2 .  The 
e u t e c t i c  s t r u c t u r e  (NbC-C) i n  F ig .  2a w a s  m a t e r i a l  which had 
extruded from the  NbC l aye r  and had s o l i d i f i e d  on t h e  s i d e  a d j a -  
c e n t  t o  t h e  TaC on cool ing .  Apparently t h e  s o l i d u s  temperature 
had been exceeded during t h e  run, as ind ica t ed  by t h e  e u t e c t i c .  
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I Calcined 
Petroleum Coke 

NbC-C 
E u t e c t i c  Mixture 

Calcined 
Petroleum Coke 

TaC A 
/ Grip h i t  e 'Spa&' 

NbC Y 
Calcined 

NbC-C 
E u t e c t i c  M i x t u r e  

I C a  i c ined  
Petroleum Coke 

Movement of NbC-C e u t e c t i c  
and subsequent c r y s t a l l i z a t i o n  
( see  F igure  2a) 

Note: Amounts of material 
used w e r e  designed 
t o  y i e l d  a f in i shed  
he igh t  of  2'' f o r  
each l a y e r  

F i g .  1 - MATERIALS HOT PRESSED I N  TEMPERATURE 
CALIBRATION STUDY 
(Test No. 1) 
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a)  T a C  NbC-C 

C a l c i n e d  
P e t r o l e u m  
C o k e  

NbC -C 

F ig .  2 - a)  MICROSTRUCTURES O F  T a C  AND NbC-C EUTECTIC 
b )  MICROSTRUCTURES O F  ADJACENT COKE AND COKE-CARBIDE 

LAYERS SHOWING DIFFERENCES I N  GRAPHITE STRUCTURE 
( 1 2 5 X )  
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The TaC phase appears  r a t h e r  porous; s ec t ion ing  of samples from 
t h i s  l a y e r  and determinat ion of d e n s i t i e s  revealed a range from 
93.2 t o  95.2% t h e o r e t i c a l .  
NbC and TaC occured. 

L i t t l e  i f  any s o l i d  s o l u t i o n  between 

The l a y e r s  depic ted  i n  F i g .  2B are f o r  ad jacen t  l a y e r s  
of NbC-C and ca lc ined  petroleum coke. 
ca rb ide  had been extruded from t h e  o r i g i n a l  e u t e c t i c  (75 vol% 
NbC) mixture ,  leaving behind a s t r u c t u r e  corresponding t o  about  
20 vol% ca rb ide .  The shape of  t h e  ca rb ide  p a r t i c l e s  suggests  
me l t ing  and r e c r y s t a l l i z a t i o n .  This  micrograph a l s o  shows very 
l i m i t e d  d i f f u s i o n  of carb ide  i n t o  t h e  coke l a y e r .  

Evident ly  much of t h e  

The b e n e f i c i a l  e f f e c t  of a l i q u i d  phase i n  prodclcing 
dense g r a p h i t e  i s  a l s o  apparent i n  t h i s  micrograph (Fig.  2b) .  
The carbon source  i n  both  layers  w a s  ca l c ined  petroleum coke. 
The l a y e r  which d id  not  incorpora te  NbC w a s  q u i t e  porous whereas 
t h e  l a y e r  conta in ing  t h e  carbide e x h i b i t s  a dense g r a p h i t e  phase.  
Apparently movement of a l i q u i d  e u t e c t i c  phase through t h e  carbon 
and p r e c i p i t a t i o n  of g r a p h i t e  upon cool ing  r e s u l t s  i n  t h e  forma- 
t i o n  of  a dense s t r u c t u r e .  
f o r  g r a p h i t e  i n  which molybdenum carb ide  w a s  t h e  mobile l i q u i d  
phase. 

A s i m i l a r  behavior has been shown 2 

I n  v i e w  of t h e  gross  l o s s  of m a t e r i a l  i n  t h e  f i r s t  exper i -  
ment, a s i m i l a r  t e s t  w a s  conducted a t  t h e  same ind ica t ed  temper- 
a t u r e  of 3200°C but  a t  a reduced p res su re  of 500 p s i .  
a d d i t i o n s  i n  ma te r i a l s  were i n s t i t u t e d  i n  t h i s  p re s s ing .  
i n  F ig .  3 ,  niobium metal f o i l  and wire  were imbedded i n t o  petroleum 
coke l a y e r s  t o  act  as d i f f u s i o n  couples .  
one w a s  t o  determine ex ten t  of  ca rb ide  formation,  and t h e  second 
w a s  t o  determine carb ide  d i f f u s i o n  i n t o  t h e  g r a p h i t e .  
f o r  ca rb ide  d i f f u s i o n  i n t o  a g raph i t e  mat r ix  by microprobe t ech -  
niques has prev ious ly  been conducted f o r  composites i nco rpora t ing  
NbC p a r t i c l e s . '  The eva lua t ion  w a s  complicated by t h e  f a c t  t h a t  
t h e  x-rays p e n e t r a t e  t o  a depth of  about 2 - 3 ~ ,  thus  revea l ing  

Some 
A s  shown 

The purpose w a s  twofold: 

Analysis  
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Nb m e t a l  f o i l  embedded 
i n  ca lc ined  petroleum 
coke 

Nb-C Hyper- 
e u t e c t i c  Mixture 

Calcined I Petroleum Coke 

. NbC I 
Graphi te lspacer  : 

I Calcined I Petroleum Coke 

I NbC-C Hyper- 
e u t e c t i c  Mixture 

Note: Amounts of  material 
used w e r e  designed 
t o  y i e l d  a f i n i s h e d  
he ight  of k'' f o r  
each l a y e r  

INb metal w i r e  embedded 
i n  ca l c ined  petroleum 
coke 

0 0 0 0  

F i g .  3 - MATERIALS HOT PRESSED I N  TEMPERATURE 
CALIBRATION STUDY 
( T e s t  No. 2 )  
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p o r t i o n s  of carb ide  p a r t i c l e s  below t h e  su r face  under examination, 
Therefore ,  i t  w a s  d i f f i c u l t  t o  determine i f  t h e  carb ide  observed 
i n  t h e  x-ray image w a s  due t o  a c t u a l  d i f f u s i o n  o r  merely t o  sub- 
su r face  ca rb ide .  
of e s t a b l i s h e d  diameter would permit microprobe a n a l y s i s  of  t h e  
a r e a  surrounding t h e  wi re ,  e l imina t ing  sub-surface e f f e c t s .  

The p resen t  experiment involving i s o l a t e d  w i r e s  

Examination of t h e  mold i n t e r i o r  a f t e r  t h i s  p re s s ing  
revea led  t h a t  a l though ma te r i a l  loss  w a s  aga in  ev iden t ,  much 
h ighe r  r e t e n t i o n  w a s  r e a l i z e d  w i t h  reduced p res su re .  The forma- 
t i o n  of a e u t e c t i c  s t r u c t u r e  w a s  evident  i n  a l l  of t h e  l a y e r s  as 
shown i n  t h e  photomicrographs i n  F ig .  4 .  
t u r e s  w e r e  designed as hypereutec t ics  and both  show excess g r a p h i t e  
which had come out of so lu t ion .  The carbide-carbon e u t e c t i c  
s t r u c t u r e  i s  a l s o  seen i n  t h e  two l aye r s  which were o r i g i n a l l y  
pure m e t a l  and m e t a l  c a rb ide  containing no f r e e  carbon. 
t h e  p re s s ing  t h e  m e t a l  formed t h e  ca rb ide  and a t  t h e  very high 
temperatures both  ca rb ide  l aye r s  d i sso lved  carbon from t h e i r  
environs i n  e u t e c t i c  mel t ing .  Apparently d i f f u s i o n  of carbon 
i n t o  t h e  ca rb ide  becomes q u i t e  r ap id  under t h e s e  cond i t ions .  
Graphi te  p r e c i p i t a t e s  i n  these  l a y e r s  were observed a t  t h e  bound- 
ar ies  wi th  ad jacen t  carbon layers. 

The Nb-C and NbC-C mix- 

During 

A somewhat f i n e r  s t r u c t u r e  can be seen f o r  t h e  Nb-C and 
NbC layerswhich  were i n  upper po r t ions  of t h e  mold. This  may be 
due t o  a s l i g h t l y  f a s t e r  quench of t h e  upper po r t ions  s i n c e  hea t  
l o s s  on cool ing would occur m o r e  r a p i d l y  toward t h e  t o p ,  o r  open 
p a r t  of t h e  ho t  p re s s ing  system. 

Macroscopic examination of t he  coke l a y e r  conta in ing  t h e  
Micro- metal  f o i l  showed l i t t l e  evidence of metal  ca rb ide  phase.  

s t r u c t u r a l  s tudy revealed a reas  conta in ing  s m a l l  amounts of NbC 
p a r t i c l e s ,  s i m i l a r  t o  t h a t  seen i n  F ig .  2 B .  Apparently much of 
t h e  m a t e r i a l  had been l o s t  through p l a s t i c  flow. 

On t h e  o t h e r  hand, t h e  wi re  was r e t a i n e d  i n  t h e  coke 
ma t r ix .  A s  shown i n  F ig .  5 ,  deformation of t h e  w i r e s  due t o  t h e  

I I T  R E S E A R C H  I N S T I T U T E  
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a) NbC Layer b) Nb Layer 

c) Nb-C Hypereutectic Layer d) NbC-C Hypereutectic Layer 

Fig. 4 - MICROSTRUCTURES OF NbC-C EUTECTICS 
FORMED IN HOT PRESSING ( 1 2 5 X )  
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. 

F i g .  5 - MICROSTRUCTURE SHOWING NbC-C EUTECTIC FORMATION 
OF N b  METAL WIRE I N  GRAPHITE MATRIX ( 3 0 X )  
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p r e s s i n g  d i r e c t i o n  i s  ev iden t .  A l s o  i n  evidence i s  cons iderable  
m a t e r i a l  flow f o r  one of t h e  wires. E u t e c t i c  s t r u c t u r e  can be 
observed i n  both  p i eces  showing t h a t  t h e  meta l  had formed t h e  
ca rb ide  which i n  t u r n  r eac t ed  with carbon t o  form t h e  e u t e c t i c .  
The o r i g i n a l  diameter of t h e  w i r e  w a s  0.020 inches .  A volume 
g a i n  of  about 70% can be expected i n  t h e  ca rb ide  formation p l u s  
e u t e c t i c  r e a c t i o n .  The s t r u c t u r e  on the  l e f t  s i d e  of F ig .  5 
conforms t o  such dimensional growth, whereas t h e  l a r g e r  growth 
f o r  t h e  s t r u c t u r e  on t h e  r i g h t  may be due t o  concent ra t ion  of 
material flow i n  a p a r t i c u l a r  a r e a .  
a n a l y s i s  are  now being prepared t o  determine ca rb ide  d i f f u s i o n  
i n t o  t h e  mat r ix .  

Samples f o r  microprobe 

Thes'e experiments show t h a t  NbC-C composites must be 
processed a t  temperatures below 3200°C i n  o rde r  t o  avoid l i q u i d  
formation and subsequent loss of material. Addi t iona l  p re s s ings  
w i l l  be conducted a t  3100" and 3000°C t o  a c c u r a t e l y  determine 
t h e  maximum temperature which can be used without excessive loss 
of  m a t e r i a l .  

Also shown by t h e  present  s t u d i e s  i s  t h e  a b i l i t y  of 
niobium t o  r e a d i l y  form the  carbide and subsequent ly  d i s so lve  
carbon t o  form t h e  e u t e c t i c .  The completeness of t h e  e u t e c t i c  
r e a c t i o n  i s  shown by t h e  absence of any p r e c i p i t a t e  of  primary 
ca rb ide  i n  t h e  e u t e c t i c  s t r u c t u r e .  Apparently carbon i s  con- 
t i n u a l l y  d isso lved  u n t i l  t h e  mixture i s  of e i t h e r  e u t e c t i c  o r  
hype reu tec t i c  composition. 

It i s  a l s o  apparent  t h a t  t h e  presence of a l i q u i d  NbC-C 
P a r t  of t h i s  e u t e c t i c  phase enhances d e n s i f i c a t i o n  of g r a p h i t e .  

may be a t t r i b u t e d  t o  increased p l a s t i c  flow. Another cont r ibu-  
t i n g  f a c t o r  i s  t h e  h igh  d e n s i t y a n d o r i e n t a t i o n  of t h e  g r a p h i t e  
phase which p r e c i p i t a t e s  from t h e  e u t e c t i c .  F u l l  e x p l o i t a t i o n  
of such improvement i n  g r a p h i t i z a t i o n  r e a l i z e d  wi th  t h e  presence 
of  a l i q u i d  carb ide  phase can lead  t o  very high s t r e n g t h  g r a p h i t e  
mat r ix  composites. Experiments are  now being conducted i n  which 
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a t t empt s  a r e  being made t o  conta in  and r e t a i n  t h e  l i q u i d  phase 
dur ing  hot  p re s s ing  through the use of TaC as a l i n e r  material. 

B .  Compos-itional S tudies  

During t h i s  pe r iod ,  compositions incorpora t ing  t h e  
ca rb ides  of zirconium and hafnium were f a b r i c a t e d  f o r  eva lua t ion .  
A number of NbC-C and TaC-C b i l l e t s  were a l s o  processed f o r  t en -  
s i o n  and compression tests.  
u l a r  s ign i f i cance  a r e  discussed i n  t h e  following s e c t i o n s .  

1. NbC-C Composites 

Compositions which were of  p a r t i c -  

E f f e c t  of Processing Temperatures - During t h e  l as t  
r e p o r t  pe r iod ,  experiments had shown t h a t  lowering of t h e  proc- 
e s s i n g  temperature from 3100" t o  2850°C and soaking a t  t h i s  t e m -  
p e r a t u r e  f o r  one hour y i e lded  composites (C-65Nb) having good 
bonding (45 vol% NbC, 15,000 p s i ) .  Press ings  were conducted 
under similar condi t ions  but  a t  a h igher  (4000 vs 3000 p s i )  
p re s su re  i n  a n  a t tempt  t o  obta in  even h igher  s t r e n g t h  composites. 
These f a b r i c a t i o n s  are designated C2-65Nb and C-66.4Nb; t h e  da ta  
a r e  presented i n  Tables  I and 11. 

F lexura l  s t r e n g t h  eva lua t ions  showed t h a t  t h e  p re sen t  
composites were poorly bonded, e x h i b i t i n g  s t r e n g t h s  of l e s s  than 
10,000 p s i .  Dens i f i ca t ion  was q u i t e  high,  however, exceeding 96% 
f o r  bo th  b i l l e t s .  It  appears  u n l i k e l y  t h a t  a p res su re  inc rease  
from 3000 t o  4000 p s i  would y i e l d  a material having poorer  bond- 
i n g .  It has been repor ted  t h a t  i n t e r g r a n u l a r  d i f f u s i o n  leading  
t o  good bonding can be re ta rded  by inc reas ing  s t r e s s  i n  t h e  h o t  
p re s s ing  of Ni06, bu t  t h e  pressure l e v e l s  were 15,000 p s i  and 
h ighe r .  
temperature w a s  probably lower than  t h e  ind ica t ed  2850"@, l i m i t i n g  
t h e  degree of bonding which could occur .  D i f f i c u l t i e s  i n  pyrometry 
were encountered i n  these  runs due t o  an  unusual amount of vo la-  
t i l e s  i n  t h e  system. 

The p resen t  r e s u l t s  suggest t h a t  t h e  ac tua l  processing 
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On t h e  o t h e r  hand, high s t r e n g t h s  were exh ib i t ed  by 
sample C2-70Nb (Tables I and 11) which w a s  processed a t  2900°C. 
These experiments i n d i c a t e  t h a t  i n  order  f o r  good bonding t o  
occur ,  a minimal temperature m u s t  be a t t a i n e d .  This  temperature 
would appear  t o  be i n  t h e  range 2900"-2950°C. 
nisms are apparent ly  g r e a t l y  acce le ra t ed  a t  these  temperatures 
lead ing  t o  high s t r eng ths  a s  w e l l  as high dens i ty .  

2 .  TaC-C Composites 

Di f fus ion  mecha- 

Two TaC-C composites having carb ide  conten ts  of 6 1  and 
These compositions l i e  71 vo l% were f a b r i c a t e d  f o r  evaluat ion.  

between previous ly  s tud ied  50 and 80 vol% TaC composites, thus  
y i e l d i n g  a d d i t i o n a l  da ta  t o  e s t a b l i s h  compositional t r ends .  
These t r ends  w i l l  be discussed i n  a l a t e r  s e c t i o n  dea l ing  wi th  
mixing l a w s .  Data f o r  t hese  composites appear i n  Tables I and 
11. Metal a n a l y s i s  revealed no lo s s  of TaC,  and both  b i l l e t s  
were e a s i l y  removed from t h e i r  r e spec t ive  molds. The f a b r i c a -  
t i o n  temperature of 3200°C i s  w e l l  below t h e  TaC-C e u t e c t i c  of 
3450°C, so  t h e r e  i s  no formation of a mobile r e a c t i v e  l i q u i d  
phase as i n  t h e  case of  NbC-C. 

Both 85Ta and 88Ta exhib i ted  good d e n s i f i c a t i o n  and high 
s t r e n g t h s .  K ic ros t ruc tu res  of t h e s e  c m p o s i t e s  i?nnear i n  F ig .  5 ,  
and l i t t l e  i f  any po ros i ty  could be d iscerned .  Since t h e  carb tde  
i s  t h e  dominant phase i n  these  compositions,  c l u s t e r i n g  of  p a r t i -  
cles may be excepted; t h i s  can be seen i n  both s t r u c t u r e s .  

3 .  Z r C - C  and HfC-C 

rr 

The e u t e c t i c  temperatures of Z r C - C  and HfC-C systems a r e  
2890 f 50°C and 3150 f ~ O O C . ~  

i f  temperature requirements i n  any a p p l i c a t i o n  a r e  lowered. Com- 
p o s i t i o n a l  s t u d i e s  i n  t h e s e  systems have been extended t o  o b t a i n  
information on t h e  e f f e c t  of carb ide  conten t  upon p r o p e r t i e s .  

2 

These composites may be of i n t e r e s t  

Z r C - C  - Previous work has shown t h a t  i n  ho t  p re s s ing  of 
Z r C - C  composites conta in ing  31  and 49 vol% Z r C  a t  3000°C, o r  about 
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85 Ta ( 6 1  V o l %  T a C )  

88 T a  ( 7 1  V o l %  T a C )  

F i g .  6 - MICROSTRUCTURES OF T a C - C  COMPOSITES 
INCORPORATING 6 1  AND 7 1  VOL% T a C  
(320X) 
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100°C above t h e  e u t e c t i c  temperature,  cons iderable  metal l o s s e s  
were encountered. The f in i shed  composites contained 7 . 1  and 
8 .0  vol% Z r C ,  r e s p e c t i v e l y ,  and both displayed f l e x u r a l  s t r e n g t h s  
of about  6000 p s i .  

I n  c o n t r a s t ,  a molybdenum carb ide-graphi te  composite hot 
pressed  a t  3000"C, o r  400°C above t h e  melt ing po in t  of MoC showed 
a change i n  carb ide  conten t  f rom a s t a r t i n g  2 1  vol% t o  a f i n i s h e d  
13 v 0 1 % . ~  
(18,000 p s i )  d e s p i t e  t h e  loss of meta l  ca rb ide .  A MoC-C of 
s i m i l a r  ca rb ide  conten t  ( 2 1  ~ 0 1 % )  w a s  ho t  pressed  a t  3000°C f o r  
one hour.  
w a s  s t i l l  amazingly high (17,000 p s i ) .  

The f l e x u r a l  s t r e n g t h  of  t h i s  composite w a s  very high 

The carb ide  remaining w a s  only 8 ~ 0 1 % ;  however, s t r e n g t h  

The amount of l i q u i d  formed i n  t h e  31  and 49 vol% Z r C - C  
mixtures  would be about 40 and 60 vol% r e s p e c t i v e l y  of a carb ide-  
carbon e u t e c t i c ,  o r  l e v e l s  which a r e  much h igher  than  t h e  2 1  vol% 
l i q u i d  i n  t h e  MoC-C system. 
i n g  Z r C  conten t  w a s  reduced t o  15% ( o r  1 9  vol% i n  terms of t h e  
Z r C - C  e u t e c t i c ) .  This  composition corresponds c l o s e l y  t o  t h e  
MoC-C composites i n  l i q u i d  content  which would be formed during 
hot  p re s s ing .  
w a s  h o t  pressed a t  3000°C. The ca rb ide  conten t  of t h e  f i n i s h e d  
b i l l e t  w a s  7 .0% o r  about one-half of t h e  s t a r t i n g  mixture.  
r e a c t i o n  wi th  t h e  mold w a s  ev ident ,  and dens i ty  determinat ions 
revea led  v a r i a t i o n s  of less than 2%through t h e  b i l l e t .  
s t r e n g t h s  were 9000 p s i  o r  only about  a ha l f  of t h a t  shown by 
MoC-C samples. A s i m i l a r  d i f f e rence  i n  s t r e n g t h  f o r  MoC-C and 
Z r C - C  systems have been repor ted  by o t h e r   investigator^.^ The 
reason f o r  t h i s  d i s p a r i t y  i s  not known a t  t h i s  t ime. 

I n  t h e  p re sen t  experiment, t h e  s t a r t -  

A s  d e t a i l e d  i n  Tables 111 and I V ,  sample 30Zr-A 

L i t t l e  

However, 

It would appear  t h a t  lowering of t h e  ca rb ide  conten t  
minimized t h e  amount of ma te r i a l  which could be l o s t  through 
e x t r u s i o n  and r e a c t i o n ,  t hus  prevent ing gross  misalignment of 
plungers  o r  excessive br idging  between t h e  sample and mold. 
Greater loss of material had previously lead  t o  non-uniform and 
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even prevent ion of press ing .  
w e r e  heterogeneous and weakened by voids .  

This produced composites which 

It i s  i n t e r e s t i n g  t o  note  t h a t  t h e  var ious  Z r C - C  com- 
p o s i t e s  processed a t  3000°C a l l  contained v i r t u a l l y  t h e  same 
amounts of carb ide  i n  t h e  f in i shed  b i l l e t s  d e s p i t e  a wide range 
o f  s t a r t i n g  conten t .  It may be t h a t  t h e  7-8 vol% l e v e l  i s  t h e  
amount of  Z r C  which would be r e t a ined  i n  any Z r C - C  under these  
cond i t ions .  
conten t  w i l l  be 7 vol% t o  determine i f  t h i s  i s  indeed a " tolerance" 
leve  1. 

A press ing  w i l l  be conducted i n  which t h e  s t a r t i n g  

Press ing  of a 57 vol% Z r C  composite a t  about 2800°C 
r e s u l t e d  i n  a poorly bonded, porous sample. Metal a n a l y s i s  
showed t h a t  t h e  loss  of ma te r i a l  w a s  not  exceedingly high,  
i n d i c a t i n g  t h a t  t h e  e u t e c t i c  temperature may have been j u s t  
b a r e l y  reached, and t h a t  t h e  t i m e  of l i q u i f i c a t i o n  w a s  q u i t e  
s h o r t .  

Two composites processed a t  2700°C o r  w e l l  below t h e  
e u t e c t i c  were q u i t e  dense and well-bonded. A s  t h e  da ta  f o r  
70Zr-B and 80Zr-A i n  Table I V  show, d e n s i t i e s  were above 97% 
t h e o r e t i c a l ,  and s t r e n g t h s  of  over 17,000 p s i  i n  t h e  W/G d i r e c -  
t i e n  and over 10,000 p s i  i n  the A/C d i r e c t i m  were r e a l i z e d .  

HfC-C - During t h i s  per iod ,  two b i l l e t s  of H E - C  were 
f a b r i c a t e d  i n  which carb ide  i s  t h e  dominant phase. 
seen i n  Tables I11 and I V  r evea l  high s t r e n g t h s  f o r  t h e  86 H f  
samples. 
tes ts  t o  determine the  e f f e c t  of ca rb ide  conten t  i n  t h e  HfC-C 
system. 

The da ta  as 

These materials w i l l  be subjec ted  t o  high temperature 

C .  P r o p e r t i e s  S tudies  

I n  a d d i t i o n  t o  t h e  usua l  examination of  d e n s i t y ,  micro- 
s t r u c t u r e  and f l e x u r a l  s t r e n g t h ,  experiments were c a r r i e d  out  a t  
e l eva ted  temperatures t o  determine thermal expansion and f l e x u r a l  
creep.  Addi t iona l  t e n s i l e  tes ts  have been conducted on TaC-C 
samples as w e l l  as those i n  the  NbC-C system. 

I I T  R E S E A R C H  I N S T I T U T E  
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1. Coef f i c i en t  of Thermal Expansion (CTE) 

Addi t iona l  da ta  has been gathered f o r  thermal expansion 
behavior of NbC-C composites up t o  2300°C. 
f o r  t h e  compositions i n  t h e  present  s t u d i e s  f i t  t h e  CTE vs carb ide  
conten t  curves reasonably w e l l  a s  shown i n  F ig .  7 .  An anomaly i n  
e a r l i e r  work had been t h a t  a t  73 vol% NbC, t h e  W/G expansion w a s  
s l i g h t l y  h igher  than  t h a t  i n  the A/G o r  2 -ax i s  d i r e c t i o n  (7.49 vs 
6.97 x lo6  in/in/OC). The present  CTE da ta  f o r  a h igher  ca rb ide  
conten t  material (86 vol% NbC) a r e  7.44 and 8.11 x 10 6 in / in /"C 

i n  t h e  W/G and A/G d i r e c t i o n s ,  r e s p e c t i v e l y .  
shown t h a t  even a t  these  h igh  carb ide  l e v e l s ,  an i so t ropy  e x i s t s .  
Therefore ,  a h igher  A/G expansion would appear more l o g i c a l .  
Values f o r  t h e  73 vol% NbC may have been i n  e r r o r ;  a d d i t i o n a l  work 
w i l l  be conducted wi th  t h i s  composition. 

The values  obtained 

F l e x u r a l  t e s t s  have 

I n  F ig .  8,  CTE-carbide conten t  r e l a t i o n s h i p s  are pre-  
sen ted  f o r  the TaC-C system f o r  comparison. 
a t r end  toward i s o t r o p i c  behavior w i th  increas ing  carb ide  con ten t .  
The s t rong  an iso t ropy  encountered wi th  inc reas ing  amount of  
g r a p h i t e  i s  r e f l e c t e d  i n  t h e  exponent ia l  r e l a t i o n s h i p  suggested 
by d a t a  f o r  g r a p h i t e  mat r ix  ma te r i a l s .  

Both systems r e v e a l  

2 .  High Temperature F lexura l  Creep 

E a r l i e r  s t u d i e s  of high temperature c reep  had been con- 
ducted under compression a t  270O0C/20O0 ps i /30  minutes. 
t hese  cond i t ions ,  deformation w a s  q u i t e  l imi t ed  f o r  a l l  m a t e r i a l s  
as shown i n  F ig .  9. This  e a r l y  d a t a  d i d  i n d i c a t e ,  however, t h a t  
t h e r e  appeared t o  be a d i r e c t  r e l a t i o n s h i p  between creep  and 
ca rb ide  con ten t .  This  would appear l o g i c a l  i n  t h a t  t h e  h igh  
temperature a n e l a s t i c  behavior of  t h e  carb ide  becomes more domi- 
n a t e  i n  carb ide  mat r ix  ma te r i a l s .  

Under 

The p resen t  series of experiments were designed t o  g ive  
T e s t s  were Conducted in a c l e a r e r  p i c t u r e  of t h i s  r e l a t i o n s h i p .  

f l e x u r e  a t  240O0C/8O00 ps i /30  minutes, which w a s  a f a r  more severe 
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set  of condi t ions  and exaggerated d i f f e r e n c e s  i n  c reep  r e s i s t a n c e  
due t o  ca rb ide  conten t .  
under t h e  t e n s i l e  fo rces  s e t  up i n  f l e x u r e  than  they are  t o  pure ly  
compressive f o r c e s .  
and a top  span of 3/4" w a s  used. 
c a l l y  by s i g h t i n g  on t h e  sample us ing  Gaertner  o p t i c a l  micrometers. 

Materials a r e  much more creep s e n s i t i v e  

Four poin t  loading wi th  a bottom span of 2v' 
Deformation w a s  monitored o p t i -  

P l o t s  of deformation a t  2400°C under load and permanent 

The da ta  suggests  increas ing  s u s c e p t i b i l i t y  t o  creep 
deformation a f t e r  load r e l e a s e  appear  i n  F ig .  10 f o r  var ious  com- 
p o s i t i o n s .  
w i t h  inc reas ing  carb ide  content .  However, a r e v e r s a l  i n  t h i s  
t rend  w a s  observed f o r  samples incorpora t ing  86 vol% NbC. 
d e n s i t y  values  show t h a t  t h i s  s h i f t  i n  t h e  curve i s  probably not  
due t o  p o r o s i t y ,  s i n c e  t h e  ma te r i a l s  (52 and 74 vol% NbC) which 
had exh ib i t ed  s t r o n g e s t  deformation a l s o  had t h e  h ighes t  densi-  
t i e s .  Although t h i s  reversal was observed, t h e  curves show t h a t  
g r a p h i t e  mat r ix  materials, i . e . ,  those conta in ing  22 and 35 vol% 
NbC, d isp layed  t h e  smallest amounts of  deformation among the com- 
p o s i t i o n s  evaluated.  Experiments w i l l  be continued t o  determine 
t h e  v a l i d i t y  of  t h i s  prel iminary d a t a .  

The 

The permanent deformation curve shows t h a t  recovery a f t e r  
removal of load becomes smaller  w i th  inc reas ing  ca rb ide  con ten t .  
The 22 vol% NbC composite exhib i ted  a 50% recovery whereas t h e  
86 vol% m a t e r i a l  displayed p r a c t i c a l l y  no recovery.  
much of t h e  deformation observed f o r  t h e  h igher  carb ide  composites 
i s  p l a s t i c  i n  na tu re .  
behavior  i s  much more i n  evidence. 

Apparently 

I n  graphi te  mat r ix  m a t e r i a l s  e las t ic  

A TaC-C composite conta in ing  8 1  vol% TaC w a s  a l s o  included 
i n  t h i s  eva lua t ion .  
extremely good and w a s  f a r  b e t t e r  than  t h e  b e s t  NbC-C m a t e r i a l .  
Based on previous d a t a ,  i t  appears l i k e l y  t h a t  lower ca rb ide  con- 
t e n t  TaC-C composites w i l l  a lso perform as w e l l .  

The creep r e s i s t a n c e  of t h i s  material was 
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3 .  Tens i l e  S t rength  Measurements 

Room temperature t e n s i l e  s t r e n g t h  tes t s  have been con- 
t i nued  during t h i s  per iod .  
i n  t h e  las t  q u a r t e r l y  r e p o r t  were used. The da ta  are  as follows: 

Pin-type t e n s i o n  specimens descr ibed 

Composition 

80Nb-E 
84.1Nb-L 
M90Ta-A 
90Ta-B 

Vol% MC 

73 (NbC) 
83 (NbC) 
80 (TaC) 
80 (TaC) 

Tens i l e  S t r eng th ,  
p s i  

18,610 

14 , 970 
19 , 550 

21,200 

Values are q u i t e  high f o r  t h e  var ious  composites w i th  
t h e  except ion  of M90Ta-A. This d i f f e r e d  from 90Ta-B i n  t h a t  
t h e  ca rb ide  p a r t i c l e  s i z e  w a s  about 3~ f o r  90Ta-B and about 1 0 ~  
f o r  M90Ta-A. Thus, t h e  lower s t r e n g t h  may be due t o  t h e  l a r g e r  
p a r t i c l e  s i z e  i n  M90Ta-A. Samples are now being sec t ioned  from 
t h e  same b i l l e t s  f o r  f l e x u r a l  tests so t h a t  a comparison of 
t e n s i l e  and f l e x u r a l  s t r e n g t h s  can be made f o r  t h e  same material. 

High temperature t e s t s  are a n t i c i p a t e d  s h o r t l y .  
Modif icat ions have been made on a Brew furnace-Riehle t e s t i n g  
machine appa ra tus ,  and compressive t e s t s  w i l l  a l s o  be conducted 
i n  t h e  nea r  f u t u r e .  

4 .  Appl ica t ion  of  Mixing Laws 

During t h e  las t  r epor t  pe r iod ,  mixing l a w s  w e r e  app l i ed  
t o  our  da t a  i n  a n  a t tempt  t o  ga in  a b e t t e r  a n a l y s i s  of behavior 
i n  our  two phase systems. Theories of multiphase materials and 
l a w s  of mixture have been proposed t o  e s t a b l i s h  upper and lower 
bounds f o r  t h e  e f f e c t i v e  e las t ic  cons t an t s  of  heterophase mate- 
r i a l s .  ’ 
of stress f i e l d s  w i t h i n  the multiphase m a t e r i a l .  
system t h e  upper bound can be i n t e r p r e t e d  as uniform s t r a i n s  on 
t h e  phases and i s  represented  a s  

These bounds are determined from acceptab le  displacement 
I n  a two-phase 

Es = El V1 i- E2 V2 
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The lower bound i s  a uniform stress model i n  which t h e  s t r a i n  on 
t h e  i n d i v i d u a l  phases i s  d i f f e r e n t .  The r e l a t i o n s h i p  here  i s  

Models f o r  t h e s e  r e l a t i o n s h i p s  appear i n  F i g .  11 

Fig .  11 - MODELS OF PARALLEL AND SERIES SYSTEMS 
( a )  P a r a l l e l  o r  Constant S t r a i n  Model 
of Two Phases A and B: (b) S e r i e s  o r  
Constant Stress Model of Two Phases 
A and B 

The e a r l y  a n a l y s i s  has shown t h a t  f l e x u r a l  s t r e n g t h s  i n  t h e  W/G 
d i r e c t i o n  followed a linear, or  upper bound type of r e l a t i o n s h i p  
wi th  r e spec t  t o  ca rb ide  content .  
been t o  eva lua te  da t a  i n  t h e  A/G d i r e c t i o n ,  and a l s o  t o  e s t a b l i s h  
t h e  behavior of pure NbC s o  t h a t  t h e  s t r e n g t h  vs carb ide  conten t  
p l o t  might be extended. 

The work f o r  t h i s  per iod  has 

Evaluat ion of F lexura l  S t r eng th  i n  A/G D i rec t ion  - With 
t h e  p repa ra t ion  and eva lua t ion  of  a d d i t i o n a l  composites, da t a  i n  
t h e  A/G d i r e c t i o n  have been gathered and a n  a n a l y s i s  can now be 
made. 

o r i e n t a t i o n s  as a f r a c t i o n  of NbC content  appear i n  F ig .  1 2 ;  
s i m i l a r  p l o t s  f o r  t h e  TaC-C system are presented i n  F ig .  13. 

Representat ive p l o t s  of  f l e x u r a l  s t r e n g t h  i n  both  g r a i n  

A l i n e a r ,  o r  upper bound r e l a t i o n s h i p  i s  seen t o  e x i s t  
i n  t h e  W/G d i r e c t i o n  f o r  bo th  systems and t h e  da t a  f o r  A/G 
s t r e n g t h s  suggest exponent ia l ,  o r  lower bound r e l a t i o n s h i p s .  
This  may be explained by r e f e r r i n g  t o  t h e  models i n  F i g .  11. 
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F l e x u r a l  s t r e s s e s  set  up i n  the W/G d i r e c t i o n  a r e  analogous t o  
t h e  p a r a l l e l  model, i . e . ,  A and B i n  F ig .  l l a .  can be considered 
as o r i e n t e d  carb ide  and graphi te  p a r t i c l e s  which a r e  under con- 
s t a n t  s t r a i n .  When composites are  t e s t e d  i n  t h e  A/G d i r e c t i o n ,  
t h e  s t r e s s e s  introduced i n  f l exure  a r e  now perpendicular  t o  t h e  
c a r b i d e  and g r a p h i t e  "layers" and a s e r i e s  o r  cons t an t  s t r e s s  
model as depic ted  i n  Figure l l b  a p p l i e s .  

These da ta  show t h a t  even a t  50 vol% meta l  ca rb ide ,  t h e  
an i so t ropy  r a t i o  i n  f l e x u r a l  s t r eng th  i s  s t i l l  g r e a t e r  than 2 : l .  
It i s  only a t  t h e  h igher  carbide conten ts  of about 70 vol% t h a t  
a g r e a t e r  t r end  toward i s o t r o p i c  behavior becomes apparent .  
an i so t ropy  e x i s t s  almost by d e f i n i t i o n  f o r  g r a p h i t e  mat r ix  com- 
p o s i t e s .  
about 50, however, g r e a t e r  i so t ropy  may be achieved by s i n t e r i n g  
of t h e  ca rb ide  p a r t i c l e s  i n  the  d i r e c t i o n  p a r a l l e l  t o  press ing .  
Such d i r e c t i o n a l  s i n t e r i n g  may be a t t a i n e d  by a two s t e p  p res s ing  
i n  which t h e  sample i s  turned 90" p r i o r  t o  t h e  second press ing .  
Another method may be l i q u i d  phase p re s s ing  r e s u l t i n g  i n  random 
o r i e n t a t i o n  of  carb ide  p a r t i c l e s .  

NbC appearing i n  t h e  l i t e r a t u r e  range from 35,600 p s i l o  t o  53,000 
Ext rapola t ion  of t h e  curve f o r  s t r e n g t h  as a func t ion  of p s i .  

ca rb ide  conten t  f o r  our  ma te r i a l s  sugges ts  a value of 27,000 p s i  
f o r  pure NbC. 
t o  t h e  r a w  materials and f a b r i c a t i o n  process  i n  use on our  program, 
a b i l l e t  of NbC w a s  ho t  pressed a t  280O0C/40O0 p s i / l  h r  s t a r t i n g  
wi th  s to i ch iomet r i c  amounts of niobium m e t a l  powder and ca l c ined  
petroleum coke. 

Such 

When t h e  volume percentage of ca rb ide  i s  r a i s e d  t o  

F a b r i c a t i o n  of NbC B i l l e t  - F l e x u r a l  s t r e n g t h  da ta  f o r  

11 

I n  o rde r  t o  e s t a b l i s h  t h e  NbC end p o i n t  as r e l a t e d  

Sec t ion ing  of t he  f i n i s h e d  b i l l e t  showed t h a t  consider-  
a b l e  g r a i n  growth had occurred toward t h e  top  of t h e  b i l l e t .  
Mic ros t ruc tu ra l  examination of t h e  upper and lower po r t ions  of 
t he  b i l l e t  confirmed t h i s  g r a i n  s i z e  d i f f e r e n t i a l  (F ig .  14 ) .  
The dark phase i n  these  micrographs are f o r  t h e  most p a r t  vo ids ,  
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U p p e r  P o r t i o n  of B i l l e t  

L o w e r  P o r t i o n  of B i l l e t  

F ig .  14 - MICROSTRUCTURE O F  NbC B I L L E T  SHOWING DIFFERENCES 
I N  GRAIN S I Z E  WITH RESPECT TO LOCATION 
(200X, etched) 
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and f r e e  carbon i n  these  s t r u c t u r e s  w a s  extremely l imi t ed .  
l a r g e  g r a i n s  toward t h e  upper po r t ion  i s  probably due t o  g r a i n  
growth i n  s i n t e r i n g .  
from 97.9% t h e o r e t i c a l  a t  the top t o  93.3% a t  t h e  bottom as shown 
i n  F ig .  15. 
toward t h e  top  of t h e  b i l l e t ,  it would appear that  pressure  during 
process ing  w a s  g r e a t e r  a t  t h e  top .  
so t h a t  t h e  sample i s  pressed  from both ends,  t h e  p re s su re  a t  t h e  
bottom may be d i s t r i b u t e d  i n  p a r t  t o  t h e  carbon black i n s u l a t i o n  
under t h e  bottom of t h e  mold. 

The 

Density determinat ions revealed a range 

From t h e  observed g r a i n  growth and h igher  d e n s i t i e s  

Although t h e  system i s  designed 

S t r eng th  determinations a r e  a l s o  l i s t e d  wi th  r e spec t  t o  
The de t r imen ta l  e f f e c t  of l a r g e r  

The r e l a -  
sample l o c a t i o n  i n  t h e  b i l l e t .  
g r a i n  s i z e  on s t r e n g t h  i s  apparent from t h e s e  va lues .  
t i v e l y  low value f o r  sample 5C may be due t o  high po ros i ty .  

The s t r e n g t h  da t a  f o r  NbC i n d i c a t e s  t h a t  t h e  aforemen- 
tioned l i n e a r  r e l a t i o n s h i p  between f l e x u r a l  s t r e n g t h  and ca rb ide  
con ten t  does hold f o r  our p a r t i c u l a r  r a w  materials and processing 
methods. A b i l l e t  w i l l  be f ab r i ca t ed  using NbC as t h e  s t a r t i n g  
m a t e r i a l  t o  determine i f  any d i f f e rence  may e x i s t  i f  r e a c t i o n  
s i n t e r i n g  i s  not  used. 

111. CONCLUSIONS AND FUTURE !.!OW 

During t h i s  pe r iod ,  processing s t u d i e s  were conducted 
t o  determine r e a l  vs ind ica t ed  temperatures above 3000°C. Com- 
p o s i t i o n a l  s t u d i e s  have included HfC-C and Z r C - C  composites as 
w e l l  as samples i n  t h e  NbC-C and TaC-C systems. P r o p e r t i e s  
s t u d i e s  have been involved w i t h  thermal expansion, f l e x u r a l  
c reep  a t  2400"C, and t e n s i l e  s t r eng th  measurements. The most 
s i g n i f i c a n t  f i nd ings  i n  t h e  present  work are as follows: 

1) Processing s t u d i e s  show t h a t  niobium metal  i n  e i t h e r  
powder o r  bulk (wire and f o i l )  form reacts r e a d i l y  t o  form t h e  
ca rb ide .  A t  e l eva ted  temperatures (3200-3250°C) t h e  carb ide-  
carbon e u t e c t i c  r e a c t i o n  i s  q u i t e  r ap id .  This  i s  ind ica t ed  by 
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F ig .  15 - DENSITY AND FLEXURAL STRENGTH VARIATIONS 
I N  NbC BILLET 
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t h e  a b i l i t y  of r e l a t i v e l y  l a rge  i s o l a t e d  volumes of ca rb ide ,  
i . e . ,  a d i s c  2%" diameter x h igh ,  t o  d i s so lve  surrounding 
carbon and form t h e  e u t e c t i c  s t r u c t u r e .  

2 )  Compositional s t u d i e s  i n  t h e  NbC-C system shows t h a t  
a t  process ing  temperatures below 2900°C, composites of high dens i ty  
bu t  poor bonding are  obtained.  This  temperature appears t o  be a 
minimum f o r  f a b r i c a t i o n  of  high s t r e n g t h  NbC-C bodies .  

3) Material loss due t o  ex t rus ion  and r e a c t i o n  with t h e  
mold occurs  i n  l i q u i d  s t a t e  hot p re s s ing  o f  Z r C - C  composites, even 
when t h e  i n i t i a l  ca rb ide  content  i s  dropped t o  15 ~ 0 1 % .  There 
appears  t o  be a lower l i m i t  of 7-8% v o l  Z r C  which i s  r e t a i n e d  
w i t h i n  t h e  composite regard less  of s t a r t i n g  con ten t ,  when Z r C - C  
bodies  are processed a t  3000°C. 

4 )  F l e x u r a l  creep s t u d i e s  a t  240O0C/80O0 p s i / 3 0  minutes 
show t h a t  s u s c e p t i b i l i t y  t o  creep i n  t h e  NbC-C system inc reases  
wi th  inc reas ing  carb ide  conten t .  Under these  cond i t ions ,  TaC-C 
samples display creep r e s i s t a n c e  which i s  v a s t l y  supe r io r  t o  
t h a t  of  NbC-C. 

5) Evaluat ion of A/G f l e x u r a l  s t r e n g t h s  as a func t ion  
of ca rb ide  conten t  i n  both t h e  TaC-C and NbC-C systems shows t h e  
r e l a t i o n s h i p  t o  be c u r v i l i n e a r .  The r e l a t i o n s h i p  i s  l i n e a r  f o r  
W/G d a t a .  These r e l a t i o n s h i p s  can be explained on t h e  b a s i s  of 
equat ing f l e x u r a l  s t r e s s e s  i n  the  W/G d i r e c t i o n  t o  a p a r a l l e l  o r  
cons tan t  s t r a i n  model, and t h e  stresses i n  t h e  A/G d i r e c t i o n  t o  
a s e r i e s  o r  cons tan t  s t r e s s  model. The o r i e n t a t i o n  of bo th  t h e  
ca rb ide  and g r a p h i t e  phases a r e  t h e  b a s i s  on which these  models 
become a p p l i c a b l e .  

6 )  Evaluat ion of a pure NbC sample f a b r i c a t e d  us ing  
our  materials and techniques shows t h a t  t h e  l i n e a r  r e l a t i o n s h i p  
between f l e x u r a l  s t r e n g t h  and carb ide  conten t  prev ious ly  observed 
f o r  var ious  NbC-C compositions does hold a t  t h e  NbC end p o i n t .  
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The apparatus  f o r  high temperature measurement of t e n s i l e  
and compressive s t r e n g t h  has been modified and w i l l  be se rv i ceab le  
very s h o r t l y .  The bulk of t h e  work during t h e  f i n a l  q u a r t e r  of 
t h i s  program w i l l  be devoted t o  ob ta in ing  proper ty  da t a  a t  high 
temperatures .  
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